Methylmercury cycling in the Pacific Ocean has garnered significant attention in recent years, especially with regard to rising mercury emissions from Asia. Uncertainty exists concerning whether increases in anthropogenic emissions over time may have caused increased mercury bioaccumulation in the biota. To address this, we measured total mercury and, for a subset of samples, methylmercury (the bioaccumulated form of mercury) in museum feathers from an endangered seabird, the black-footed albatross (Phoebastria nigripes), spanning a 120-y period. We analyzed stable isotopes of nitrogen (δ 15 N) and carbon (δ 13 C) to control for temporal changes in trophic structure and diet. In post-1940 and -1990 feathers, we detected significantly higher mean methylmercury concentrations and higher proportions of samples exhibiting above deleterious threshold levels (∼40,000 ng·g ) of methylmercury relative to prior time points, suggesting that mercury toxicity may undermine reproductive effort in the species. We also found higher levels of (presumably curator-mediated) inorganic mercury in older specimens of albatross as well as two nonpelagic species lacking historical exposure to bioavailable mercury, patterns suggesting that studies on bioaccumulation should measure methylmercury rather than total mercury when using museum collections. δ 15 N contributed substantially to models explaining the observed methylmercury variation. After simultaneously controlling for significant trends in δ 13 C over time and δ 15 N with methylmercury exposure, year remained a significant independent covariate with feather methylmercury levels among the albatrosses. These data show that remote seabird colonies in the Pacific basin exhibit temporal changes in methylmercury levels consistent with historical global and recent regional increases in anthropogenic emissions.
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Asian emissions | ecotoxicology | fisheries | global change | mercury contamination H uman activity has increased the global mercury (Hg) pool by a factor of three to five since preindustrial times (1) . Currently, anthropogenic Hg composes approximately two-thirds of the total Hg cycling worldwide (2) . Hg deposition to terrestrial and aquatic ecosystems is predominantly in the form of inorganic Hg (IHg). However, biotic reactions (3) can convert IHg into methylmercury (MeHg)-a persistent toxic form that bioaccumulates through food webs. The extent to which historical (e.g., pre-1940) and current (e.g., post-1990) anthropogenic Hg emissions have affected biota remains to be fully elucidated (4) (5) (6) . Both the Environmental Protection Agency (7) and the National Institutes of Health (8) have highlighted an alarming lack of data on the bioaccumulation of MeHg in aquatic food webs and its impacts on avian wildlife, especially piscivorous species.
Extensive museum collections comprise invaluable resources to examine temporal trends in avian MeHg exposure (used synonymously with bioavailable Hg exposure). Dietary MeHg accumulates in body tissues (9) . During feather growth, tissue MeHg associates with disulfide bridges of keratin (10) to form strong, stable bonds that withstand rigorous physical treatments over time (11) . Exposure of avifauna to bioavailable Hg may thereby be studied reliably through feathers from dated, preserved skins. Virtually all of the diet-derived Hg incorporated into feathers is in the form of MeHg (12) . Consequently, total Hg is often measured to estimate MeHg as a more cost-effective alternative to direct MeHg quantification. However, museum curators traditionally applied preservatives that contained IHg (13) . This contamination along with its scarce documentation has rendered total Hg measurement (IHg + MeHg) questionable for studying bioavailable Hg exposure in historical museum specimens.
To the best of our knowledge, only four studies have directly quantified MeHg in museum specimens of piscivorous birds across century-long time periods. Increases were observed in 9 of 10 Atlantic species (14, 15), 2 of 2 German North Sea species (16) , and 0 of 6 sub-Arctic species (17) . Nonetheless, no prior research has studied comparably extensive temporal trends in MeHg levels for a species from the Pacific, which harbors one-half of the world's seabird species and more threatened seabird species per unit of land area than any other ocean (18) . Moreover, previous historically broad assessments of MeHg in birds have measured neither IHg nor stable isotopes to analyze concurrently factors that may have influenced exposure of the specimens to Hg over time. The ratio of stable isotopes of nitrogen (δ 15 N) is thought to be an indicator of trophic level, whereas the ratio of carbon (δ 13 C) reflects food sources (19) . Both trophic level and diet mediate MeHg exposure and bioaccumulation (20) .
To clarify the trends in MeHg and IHg exposure in a pelagic piscivore from the Pacific and to identify concomitant changes in avian ecology, we used museum skins of the black-footed albatross (Phoebastria nigripes) collected between 1880 and 2002. Hg contamination in the Pacific Ocean warrants our attention because, although most continents have reduced emissions over the past two decades, Asian emissions during 1990-2005 nearly doubled (21, 22) . Asia now continues to contribute 67% of global anthropogenic Hg emissions, with over one-half of Asian emissions attributed to sources in China. The black-footed albatross, a wide-ranging, keystone predator, serves as an ideal sentinel species for determining the effect of both global increases in Hg throughout the previous century and regional increases during the most recent decades on bioaccumulation and risk among avian wildlife. Of 12 different Pacific seabird species, black-footed al-batrosses exhibit among the highest feather concentrations of total Hg (23) . We quantified total Hg in black-footed albatrosses from two major museum collections, focusing the full analysis (MeHg, IHg, and stable isotopes of nitrogen and carbon) on an available subset (46%) of samples that spanned the entire period of investigation. As controls to identify potential contamination from the use of museum preservatives over a similar temporal span, we also quantified IHg in two terrestrial avian species, russetcrowned motmots (Momotus mexicanus) and Altamira orioles (Icterus gularis), whose exposure to bioavailable MeHg in the wild is minimal (24, 25) . Our comparison of MeHg and IHg trends among all species as well as with records of anthropogenic Hg emissions and curatorial practices shows unambiguous increases in MeHg bioaccumulation in marine biota and decreases in external Hg contamination of museum collections over time.
Results
Methylmercury Exposure in Black-Footed Albatrosses over Time.
Concentrations of total Hg in the breast feathers of black-footed albatross museum specimens (n = 54) (Dataset S1) did not exhibit a temporal trend (Fig. 1) . However, mean MeHg levels were significantly higher in post-1940 (35,750 ng·g , n = 15) specimens (t = −1.824, df = 11, P = 0.048) ( Figs. 1 and 2 ). The proportion of post-1940 specimens (6 of 16) with MeHg levels above estimated adverse thresholds, ∼5,000-40,000 ng·g −1 (26, 27) , was significantly greater (P = 0.045; one-tailed Fisher's exact test) than that of pre-1940 specimens (0 of 9). Similarly, the proportion of post-1990 (5 of 10) specimens with MeHg levels above 40,000 ng·g −1 was significantly higher (P = 0.023; onetailed Fisher's exact test) relative to pre-1990 specimens (1 of 15).
To help explain the observed trend in MeHg bioaccumulation over time, we obtained additional data from two stable isotopes, δ 15 N and δ
13
C. δ 15 N values did not change substantially over the 120-y period (mean = 17.9%, adjusted R 2 = −0.050, P = 0.924) (Fig. S1A ). In contrast, δ 13 C values declined significantly (adjusted R 2 = 0.228, P = 0.014) (Fig. S1B ). We sought to identify those factors among a suite of a priori predictors [year, trophic level (δ 15 N), carbon source (δ 13 C), and body size (tarsus length)] most associated with temporal variation in the albatross MeHg levels. A multiple linear regression including all predictors significantly explained MeHg variation among samples. However, the model incorporating year (β = 0.003, P = 0.074), δ 15 N (β = 0.142, P = 0.006), and tarsus length (β = 0.006, P = 0.723) explained the most variance in the MeHg dataset (Table 1 and SI Results, Multiple Regression for MeHg Concentration in BlackFooted Albatross), with δ 15 N having the strongest effect (P = 0.007, w i = 0.80) followed by year (P = 0.049, w i = 0.13) (Fig. 1 ) and tarsus length (P = 0.083, w i = 0.08). Although mean δ 15 N or trophic position of the albatrosses did not change appreciably over time, variation in trophic position among samples of any given year explained a significant portion of the variability in feather MeHg levels. Carbon source did not strongly correlate with MeHg concentration.
Inorganic Mercury Contamination of Avian Museum Specimens over
Time. Despite an increase in MeHg exposure over time among black-footed albatrosses, there was a strong and significant decrease in IHg concentration (Fig. 3) . The observed IHg decline was recapitulated among our two control species, russet-crowned motmots and Altamira orioles ( Fig. 3 and Fig. S2B ), chosen because we expected their life history traits to incur negligible exposure to MeHg. Confirming expectations, we observed low MeHg and nontrending concentrations in the control specimens throughout the 120-y time span (SI Results, MeHg in RussetCrowned Motmots and Altamira Orioles and Fig. S3 ), indicating that the Hg found in these species was mainly caused by curatorial contamination. There was no significant difference in means of IHg concentrations between the motmots and orioles when paired by decade (t = 6.145, df = 6, P = 0.534). Furthermore, for the two control species as well as for black-footed albatrosses, there was no effect of collection locality on observed decreases in IHg concentration over time.
Discussion
Methylmercury Bioaccumulation and Anthropogenic Mercury Output.
This study characterizes both total Hg and MeHg exposure over a 120-y time span (1880-2002) for a species inhabiting the Pacific region and complements this dataset with stable isotopes analysis to assess the influence of ecological factors on observed MeHg trends. Strict quality control and replicate measurements for all four analytical procedures supported measurement accuracy and precision. Variation in the original feather mass destructively sampled from museum specimens of this endangered species restricted our analysis of all factors to a subset of specimens with sufficient material to develop our dataset. Nevertheless, we have detected a significantly increasing trend in MeHg, which may have important ecotoxicological implications for Pacific vertebrates. The δ 15 N data suggest that mean trophic level did not change over time, whereas a number of potentially correlated phenomena may underlie the temporal trend in δ 13 C. Differing from our results for the pelagic black-footed albatross, temporal shifts in trophic level have been observed in at least one Pacific albeit coastal seabird species (SI Discussion, Temporal Trend in δ 15 N). Increased anthropogenic output of fossil fuel-derived carbon dioxide (CO 2 ), which is depleted in 13 C relative to the atmosphere, may have resulted in the decrease in δ 13 C over time known as the Suess effect (28). Consistent declines in marine primary productivity can also produce signatures of reduced δ 13 C values (29) . Alternatively, gradual shifts in foraging localities (30) or consumption of benthic vs. pelagic prey (31) over time may likewise result in consistent changes in δ 13 C values. We rule out the first three possibilities based on the (i) application of the correction by Schelske and Hodell (32) for the Suess effect, (ii) expected effects of the Pacific Decadal Oscillation on marine primary productivity (33) , and (iii) historical observations of the foraging range for the species (34), respectively. Changes in diet remain potential drivers of changes in black-footed albatross δ
13
C over time (further discussion in SI Discussion, Temporal Trend in δ 13 C), although longterm, species-specific temporal data on prey items are unavailable for the direct assessment of alterations in diet composition.
Our models explored the relative influence of food source (δ 13 C), trophic position (δ 15 N), body size (tarsus length), and year on MeHg exposure in black-footed albatrosses. Despite the observed δ 13 C temporal trend, the models revealed that δ 13 C was a nonsignificant factor. δ 15 N strongly explained variation in blackfooted albatross feather MeHg levels at any given point in time. Additionally, after controlling for the influence of δ 15 N variation among samples on MeHg feather levels, year remained as a significant explanatory factor for MeHg variation. Identification of the underlying changes in historical and current MeHg sources is, consequently, of concern. High resolution, temporal data for historical Hg emissions on both the global and regional scales are limited, but preindustrial depositions have been estimated to be 500 tons/y (1). In the 1940s, when global demand during World War II played a prominent role, global Hg release increased substantially from mineral mining and fossil fuel combustion, and high levels of Hg production and consumption were sustained until the 1990s (22, 35) There has been considerable debate as to whether anthropogenic sources can or have affected wide-ranging biota within marine systems. It was predicted in 1971 that, if evenly mixed across the world's oceans, the total anthropogenic increase in Hg flux would result in a doubling of Hg concentrations in the upper 100 m of the oceans, and this increase could amplify through the food web to upper trophic levels (37) . However, three studies to date have examined temporal trends in total Hg levels within tissues of pelagic and benthopelagic marine fish species, and they have failed to observe increases (4, 5, 38) . Higher trophic levels among black-footed albatrosses and other seabirds (14-16) relative to fish may explain the positive trend in MeHg exposure over time in the former, despite the lack of trends in the latter.
The scarcity of explicit, century-wide, temporal data on anthropogenic Hg emissions prevented a more rigorous correlational analysis with the albatross MeHg data, and our attempts to correlate our data with proxies for atmospheric Hg deposition over the last 270 y yielded nonsignificant results (SI Discussion, Correlation Between Black-Footed Albatross MeHg and Upper Fremont Glacier Dataset). Reasons that may explain the absence of a tight correlation between the datasets include error in icecore concentrations as accurate proxies of global emission levels, lag times in the conversion of emissions into bioavailable forms, and nonlinear uptake of MeHg in top trophic-level predators over time. Nevertheless, Hg assessments of numerous abiotic matrices within the Pacific region as well as both abiotic and biotic matrices from various worldwide localities have consistently revealed increases in Hg deposition and exposure over historical and recent time (Table S1 ). Our study contributes to these growing lines of evidence for the impact of anthropogenic Hg emissions on oceanic systems. Black-footed albatross MeHg exposure seems to be in accordance with the post-1940 global anthropogenic Hg flux, as found in other Atlantic seabird species (14) , and also with the post-1990 spike in Asian Hg emissions for the Pacific region. Despite the importance of emissions data, direct MeHg measurements in historical organisms are ultimately needed to assess species risk.
Current Status of the Black-Footed Albatross. Species-specific sublethal effects thresholds for white-tailed eagles and common loons suggest that anywhere from 5,000 to 40,000 ng·g −1 in feathers may result in fitness declines (26, 27) . If these determinations are applicable to black-footed albatrosses, using the conservative 40,000 ng·g −1 upper limit of the sublethal threshold range, we estimate that a proportion of albatrosses may have begun experiencing deleterious Hg effects in the early 1980s (Fig. 1) . Over onehalf of our most recent, post-1990 samples contained MeHg levels above 40,000 ng·g
. Chronic MeHg exposure can potentially undermine population growth within the species. Black-footed albatross reproductive biology involves delayed maturation, single-egg clutches, and biannual breeding attempts-all of which predispose the species to low reproductive success (39) . Within the pelagic range of the black-footed albatross (40, 41) , deposition and lateral transport along ocean currents have, respectively, resulted in detectable Hg enrichment of western coastal waters and eastern intermediate waters of the North Pacific (42) . Rapid, basin-wide rises in Hg levels are predicted if current Asian emissions are sustained. Given the existing elevated MeHg loads among black-footed albatrosses and the vulnerability of these birds to several other toxic marine contaminants (43) , concerns are raised for more serious future population impacts.
Implications for Using Museum Specimens in Mercury Studies. Over 5 million bird specimens are housed in museum collections throughout North America, offering researchers extraordinary potential to pursue diverse questions regarding the trophic transfer and bioaccumulation of MeHg in numerous species. However, among many factors, sampling designs must carefully consider the effects of collection locality, breeding season, sex, museum origin, and external Hg contamination of the specimens. The former four factors did not seem to significantly influence observed MeHg concentrations among black-footed albatrosses in this study (SI Discussion, Influence of Black-Footed Albatross Collection Locality, Breeding Season, Sex, and Museum Origin on MeHg and Stable Isotopes). Regarding external contamination, documentation of Hg-containing preservative use is lacking for most museums. However, the observed decrease in IHg over time for all three study species occurs after the time frame (late 1800s through 1930s) of widespread mercuric chloride (HgCl 2 ) use in the Smithsonian Institution National Museum of Natural History (NMNH) (44) and thus, may reflect a similar history of preservative application among several museum collections in the United States.
Our results indicate that, when using museum specimens, MeHg quantification is necessary to accurately assess bioavailable Hg exposure over historical time. Preparation and storage conditions are unlikely to alter the MeHg content of specimens given the bond strength of diet-derived MeHg to keratin (10, 11) and the general lack of external sources of MeHg contamination (SI Discussion, Abiotic Methylation of IHg in Museum Specimens) (45) . Although more cost-effective, measurement of total Hg can obscure temporal signal of MeHg exposure (Fig. 1) because IHg may comprise as much as one-half of the total Hg in the oldest specimens. However, IHg in post-1980 specimens comprises 5% or less of total Hg, which may render total Hg values suitable for studies based on recent museum collections.
Conclusions
In addition to illustrating the value of museum specimens for temporal assessments of environmental contaminants, our dataset characterizes multiple environmental signatures (total Hg, MeHg, and IHg as well as carbon and nitrogen stable isotopes) across a 120-y period in a flagship, pelagic species, the blackfooted albatross. Together, our data suggest that, if prey shifts occurred over the period of our study, historical and current prey comprised similar trophic levels. Nonetheless, increased exposure of prey to MeHg may explain the observed increases in albatross feather MeHg to levels above estimated, adverse thresholds over time, which we found to be consistent with past global and contemporary regional anthropogenic Hg emissions. Additional studies on Pacific biota from different trophic positions and across multiple spatiotemporal scales are warranted to elucidate the ecotoxicological implications of continued anthropogenic Hg output to the environment.
Methods
Museum Collections and Sampling. We obtained breast contour feathers from black-footed albatross preserved skin specimens (Dataset S1 and . We sampled all accessible MCZ specimens and then randomly sampled UWBM specimens among stratified decades to maximize temporal spread. Body contour feathers have been shown to be most representative of total body MeHg burden (9) . We found no preliminary difference in mean total Hg between paired feathers sampled from the left and right sides of the breast (t = −1.182, P = 0.303, n = 5). Therefore, we sampled a single central breast contour feather from all remaining individuals. Because black-footed albatrosses range widely throughout the Pacific Ocean while foraging within a lifetime (39, 46, 47) , we did not expect differences in collection locality to confound signals of temporal variation in bioavailable Hg exposure. We similarly sampled central breast feathers for Hg analysis from russet-crowned motmots and Altamira orioles. These species are nonmigratory, terrestrial, and nonpiscivorous, and they are distributed within relatively poorly industrialized countries (Fig. S2B) .
Total Hg and MeHg Measurements. Feathers were washed, dried, and homogenized (SI Methods, Sample Preparation). We measured total Hg in 0.0010 g homogenate per sample using thermal decomposition, amalgamation, and atomic absorption spectrophotometry [Environmental Protection Agency (EPA) method 7473; US EPA] under an automated analyzer (DMA-80 Mercury Analyzer; Milestone Inc.). Certified reference materials (marine sediment MESS-3 and dogfish liver DOLT-3; National Research Council Canada, Ottawa) and procedural blanks were analyzed after every 10 samples to ensure instrument accuracy and establish detection limits. To estimate precision, we measured each black-footed albatross feather sample in triplicate (mean coefficient of variation = 21.43%). Quality assurance and quality control results are presented in SI Methods (SI Methods, Total Hg Measurements).
To quantify the IHg and MeHg components of total Hg in the black-footed albatross breast feathers, we analyzed Stable Isotope Measurements. We also analyzed the same subset of MCZ and UWBM black-footed albatross feather samples that underwent MeHg analyses for carbon (C) and nitrogen (N) stable isotope ratios at the Stable Isotope Laboratory at Boston University (Boston, MA). Organic C and N were converted into CO 2 and N 2 gas and were quantified using an Isoprime isotope mass spectrometer (GV Instruments) and Eurovector elemental analyzer (Eurovector). samples, (iii) albatrosses (n = 22) and motmots (n = 5), and (iv) albatrosses (n = 22) and orioles (n = 5). We performed the latter two tests on logtransformed datasets to meet normality. For regression analyses, we log-transformed all Hg concentrations to meet normality and excluded outliers from each dataset (SI Methods, Statistical Analysis, Outliers). We used simple linear regression to evaluate the relationship between (i) IHg and year for the combined motmot and oriole dataset (SI Methods, Statistical Analysis, Motmot and oriole dataset), (ii) total Hg and year for all albatross samples (n = 54), (iii) IHg and year for the subset of albatross samples that underwent speciation analysis (n = 25), and (iv) IHg and year as well as (v) MeHg and year for motmot (n = 5) and oriole (n = 5) samples. We used multiple linear regression to analyze the relationship between year (n = 25), tarsus length (n = 24, excluding one outlier) as a proxy for body size (48) , trophic position (δ 15 N; n = 24, excluding one outlier), carbon source (δ 13 C; n = 24, excluding one outlier), and MeHg concentration (n = 25) for the albatross subset (SI Methods, Statistical Analysis, Model determination). The correction by Schelske and Hodell (32) for the Suess effect, the increase in anthropogenic fossil fuel-derived CO 2 in the atmosphere over historical time, was applied to the δ 13 C data before it was used in the regression analysis (SI Methods, Statistical Analysis, δ 13 C correction). We used Akaike's information criterion corrected for small sample sizes (AIC c ) and Akaike's weights (w i ) to select the best model (SI Methods, Statistical Analysis, Model evaluation). The presented bivariate plot of MeHg over time was generated from the parameters of the best model. Finally, we assessed the strength of correlation between MeHg levels in black-footed albatrosses and total Hg levels as well as total Hg deposition rates in the Upper Fremont Glacier using linear regression for the largest overlapping historical period, 1880-1995, between the datasets. We included all albatrosses from the best multiple regression model in this analysis (n = 23). We paired MeHg levels with measured total Hg levels or total Hg deposition rates in the glacier core layer that corresponded closest to the collection year of the albatross specimen.
All analyses were completed in R 2.7.2 (The R Foundation for Statistical Computing), and all graphs were developed in JMP 9.0 (SAS Institute). Tests used to determine whether the data met regression assumptions and an evaluation of sampling methods have been included as supporting information (SI Methods, Statistical Analysis, Tests for regression assumptions).
